Abstract Whistler mode chorus waves are a naturally occurring electromagnetic emission observed in Earth's magnetosphere. Here, for the first time, data from NASA's Magnetospheric Multiscale (MMS) mission were used to analyze chorus waves in detail, including the calculation of chorus wave normal vectors, k. A case study was examined from a period of substorm activity around the time of a conjunction between the MMS constellation and NASA's Van Allen Probes mission on 07 April 2016. Chorus wave activity was simultaneously observed by all six spacecraft over a broad range of L shells (5.5 < L < 8.5), magnetic local time (06:00 < MLT < 09:00), and magnetic latitude (À32°< MLAT < À15°), implying a large chorus active region. Eight chorus elements and their substructure were analyzed in detail with MMS. These chorus elements were all lower band and rising tone emissions, right-handed and nearly circularly polarized, and propagating away from the magnetic equator when they were observed at MMS (MLAT~À31°). Most of the elements had "hook"-like signatures on their wave power spectra, characterized by enhanced wave power at flat or falling frequency following the peak, and all the elements exhibited complex and well-organized substructure observed consistently at all four MMS spacecraft at separations up to 70 km (60 km perpendicular and 38 km parallel to the background magnetic field). The waveforms in field-aligned coordinates also demonstrated that these waves were all phase coherent, allowing for the direct calculation of k. Error estimates on calculated k revealed that the plane wave approximation was valid for six of the eight elements and most of the subelements. The wave normal vectors were within 20-30°from the direction antiparallel to the background field for all elements and changed from subelement to subelement through at least two of the eight elements. The azimuthal angle of k in the perpendicular plane was oriented earthward and was oblique to that of the Poynting vector, which has implications for the validity of cold plasma theory.
Introduction
Whistler mode waves are naturally occurring electromagnetic emissions in plasma and can be categorized into several distinct types within Earth's inner magnetosphere. Broadband, incoherent, right-handed whistler mode emissions regularly observed in the hundreds of hertz frequency range within Earth's plasmasphere or high-density plasma plumes are known as hiss (e.g., Bortnik, Thorne, & Meredith, 2008; Meredith et al., 2006; Thorne et al., 1973) . Outside of the plasmasphere, in the hotter, more tenuous plasma regime found there, electron whistler mode emissions are regularly observed as hiss-like emissions (e.g., Gao et al., 2014a Gao et al., , 2014b Li et al., 2012) or discrete elements with often large amplitudes with respect to the background fields and rising or falling tone frequencies within two distinct bands; those emissions are known as chorus waves (e.g., Burtis & Helliwell, 1969; Burton & Holzer, 1974; Li et al., 2009 Li et al., , 2016 Meredith, Horne, & Anderson, 2001; Taylor & Gurnett, 1968; Tsurutani & Smith, 1974) . Chorus waves have been studied extensively due in part to their potential role: in the source and loss of hundreds of keV to MeV electrons in TURNER ET AL.
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Earth's outer radiation belt (e.g., Chen, Reeves, & Freidel, 2007; Horne & Thorne, 1998; Meredith et al., 2003; Reeves et al., 2013; Shprits, Meredith, & Thorne, 2007; Summers, Thorne, & Xiao, 1998; Thorne et al., 2013; Turner et al., 2013) , as a source of plasmaspheric hiss (e.g., Bortnik et al., 2009; Chum & Santolik, 2005; Meredith et al., 2013; Santolik et al., 2006) , and in scattering the electrons responsible for generating diffuse and pulsating aurorae (e.g., Nishimura et al., 2010; Thorne et al., 2010) .
Chorus is regularly observed throughout Earth's inner magnetosphere, typically at L shells outside of the plasmasphere, in the premidnight to afternoon magnetic local time (MLT) sectors, and at magnetic latitudes (MLATs) ranging from the equatorial plane to |MLAT| > 45°(e.g., Agapitov et al., 2013; Li et al., 2009 Li et al., , 2011 Macúšová et al., 2015; Meredith et al., 2003 Meredith et al., , 2012 Taubenschuss et al., 2016; Tsurutani & Smith, 1977) . Chorus is thought to be generated near the magnetic equatorial plane, where the electron cyclotron frequency (f ce ) is minimized (along any particular L shell) enabling optimal conditions for a sufficiently anisotropic distribution of energetic (~keV to tens of keV) electrons to cause resonant wave growth (e.g., Omura, Katoh, & Summers, 2008) . Mourenas et al. (2015) and Gao et al. (2016) presented theory and observational evidence showing how a combination of cyclotron and Landau resonance might explain the generation of more oblique whistler waves. The extent of the source region parallel to the background field has been estimated at being up to 3000 to 5000 km from the magnetic equatorial plane Taubenschuss et al., 2016) . Chorus can be generated at very oblique angles near the resonance cone (e.g., Li et al., 2016; Santolik et al., 2009) . After being generated, chorus waves propagate in either direction away from the source region (e.g., Santolik et al., 2010) , and as they propagate, the wavefronts refract based on local plasma conditions (e.g., Agapitov et al., 2011; Bortnik, Thorne, & Meredith, 2007; Chen et al., 2013) and can further interact with energetic electrons along their raypaths (e.g., Mourenas et al., 2015) , as proven with direct evidence of discrete chorus emissions interacting with~20 keV electrons by Fennell et al. (2014) . This gradual refraction can also lead to the so-called "high-latitude reflection" of the waves due to lower hybrid resonance (Breuillard et al., , 2014 Lyons & Thorne, 1970; Smith & Angerami, 1968) .
As previously mentioned, chorus is typically observed in two frequency bands: a lower band at 0.1 to 0.5 times the equatorial f ce (referred to from here on as just f ce ) and an upper band at 0.5 to 1.0 f ce (e.g., Li et al., 2013 , and references therein). Occurrence rates of upper versus lower band chorus (e.g., Li et al., 2011) show that lower band chorus occurs more frequently than upper band chorus, particularly for lower wave amplitudes. The occurrence and average amplitudes of both bands of chorus correlate with auroral activity as quantified with the AE index (e.g., Li et al., 2009 Li et al., , 2011 Meredith et al., 2001) . Li et al. (2012) showed that for any particular range of wave amplitudes, rising tone chorus emissions typically occur 10 to 100 times more frequently than falling tone chorus. Macúšová et al. (2010) studied statistics of frequency sweep rates of rising and falling tone chorus elements and found that mean and median rates for rising tone emissions were on the order of~1 kHz/s and that the sweep rate increased (up to >10 kHz/s) with increasing plasma density. Sweep rates up to 20 kHz/s were observed for large-amplitude (20 mV/m) chorus waves during a geomagnetic storm by . It has also long been recognized that individual chorus elements contain complex substructure, characterized by subelements separated by a few milliseconds in time , that evolve on time scales less than 1 min as the waves propagate (Gurnett et al., 1979) . Crabtree et al. (2017) found that chorus subelements can be composed of nearly linear waves with continuously changing wave quantities, including frequency and wave normal vector; they suggest that the physics between subelements might be dominated by wave-wave or nonlinear wave-particle interactions (e.g., Artemyev et al., 2014; Gao, Lu, & Wang, 2017) , which might play a role in setting the saturation of the whistler mode instability responsible for chorus wave growth.
Concerning the propagation of chorus, Li et al. (2013) conducted a statistical study of the Poynting flux and wave normal vectors of chorus waves using data from NASA's Time History of Events and Macroscale Interactions during Substorms (THEMIS) mission. They found that the majority of chorus waves were propagating away from the magnetic equator, providing additional evidence that the source region is near the magnetic equatorial plane. They also found that the wave normal angles for lower band chorus peaked close to the local magnetic field line direction, while for upper band chorus, the wave normal angle distribution was much broader. Those results followed after a similar study was conducted by Santolik et al. (2010) using observations from the Polar mission. They too found that propagation of chorus was typically away from the magnetic equator. They also showed that chorus waves can be reflected within the magnetosphere, likely when the waves encounter boundaries with very sharp density gradients. Taubenschuss et al. (2016) revisited chorus statistics from the THEMIS mission, and they found Poynting vectors that were strongly field aligned and that the most oblique wave normal vectors were confined to the magnetic equatorial plane and had azimuthal angles (in the plane perpendicular to B 0 , the background magnetic field) that pointed away from Earth. They also found that for the majority of lower band chorus waves, the Poynting and wave normal vectors were coplanar with B 0 , indicating a dispersion relation consistent with that of cold plasma theory, and the wave normal vectors became more field aligned with increased latitude. That latter point is consistent with results from the Cluster mission but contradictory to the results from theoretical ray tracing such as Bortnik et al. (2011) and Breuillard et al. (2012) , which indicate that chorus wave normal angles should become more oblique with increasing latitude. Using Van Allen Probes observations, Li et al. (2016) found that a nonnegligible amount of lower band chorus waves had large wave normal angles close to the resonance cone.
With the recent availability of multispacecraft observations at various spatial scales, research efforts to estimate the spatial scales of the chorus active and source regions have become more common. used the European Space Agency's Cluster mission to study the coherency of lower band chorus waves; they found that the correlation was significant at spacecraft separtation distances of 60-260 km parallel to B 0 and 7 to 100 km perpendicular to B 0 . Those results were consistent with a chorus source with a Gaussian peak of radiated power with a half-width of 35 km perpendicular to B 0 . Agapitov et al. (2010) used the THEMIS mission to study the same chorus elements using multiple spacecraft. Using phase correlation analysis and a different definition compared to , Agapitov et al. (2010) estimated that the characteristic spatial-scale perpendicular to B 0 for individual elements was in the range of 2800 to 3200 km. Agapitov et al. (2017) presented results from lapping events of the two Van Allen Probes spacecraft, and they found that individual chorus elements have spatial scales of~600 km perpendicular to B 0 for upper band chorus and up to 800 km for lower band chorus at larger amplitudes. Li et al. (2017) presented results from Van Allen Probes of coherently modulated chorus and hiss waves over large distances, up to 4.3 Earth radii (R E ); however, those waves examined were not the same individual elements but were from modulation of the chorus active region, encompassing many individual elements, rather than extremely large individual chorus elements and respective source region. There is no clear consensus yet for the coherency scale of individual chorus elements or the greater chorus active region, and these are topics of ongoing study since those properties of whistler mode chorus are important for modeling how chorus waves affect energetic electrons in the outer radiation belt.
In this study, we performed the first multipoint analysis of individual chorus elements using data from NASA's latest Heliophysics mission: Magnetospheric Multiscale (MMS). The results presented here are from a single case study and are intended to detail the analysis method and present preliminary results from that case. With MMS, we show here how the chorus wave normal vectors can be calculated directly from the four-point observations of the wave electric and magnetic field vectors without relying on minimum variance analysis. The paper is laid out as follows. Section 2 reviews the data used for this study, and section 3 overviews the details of the case study event itself, providing an orientation of the event for greater context. The methods employed for this study are reviewed in section 4, with the details of the analysis and results presented in section 5. A discussion of the key results and how they fit into context with the existing literature follows in section 6, and the paper is summarized and concluded in section 7.
Data
Wave and particle data from NASA's MMS (Burch et al., 2016) and Van Allen Probes (Mauk et al., 2013) missions were used for this study. Critical to the analysis here, the MMS mission consists of four identically instrumented spacecraft that are held in tight formation (interspacecraft separations less than 100 km) throughout most of their highly eccentric, near-equatorial orbits around Earth. From MMS, burst resolution data were analyzed from the FIELDS and Energetic Particle Detectors (EPD) instrument suites. MMS FIELDS consists of data collected using search coil and fluxgate magnetometers (SCM and FGM, respectively) as well as spin-plane and axial double probes Lindqvist et al., 2016) and an electron drift instrument . The MMS EPD suite consists of the Energetic Ion Spectrometers and the Fly's Eye Energetic Particle Spectrometers (FEEPS) . For this study, we used the following
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data: three-axis survey (62.5 ms resolution) magnetic fields from the FGM, three-axis burst AC (8192 Hz sampling) magnetic fields from the SCM, three-axis burst DC (8192 Hz sampling) electric field data from the double probes, and all-sky burst (0.3 s resolution) energy spectra and pitch angle distributions of 30 keV to 600 keV electrons from FEEPS. From Van Allen Probes, we used Electric and Magnetic Fields Instrument Suite for Integrated Science (EMFISIS) (Kletzing et al., 2013) power spectral densities from magnetic and electric wavefields and Magnetic Electron and Ion Spectrometers (MagEIS) (Blake et al., 2013) burst pitch angle distributions for 30 keV to~200 keV electrons. For this study, MMS is used for the majority of the analysis, while Van Allen Probes data are used mostly for context of the event.
Event Orientation
We examined a short period of MMS burst data from a conjunction event between MMS and Van Allen Probes-B (RBSP-B) that occurred around 01:25 UT on 07 April 2016. Figure 1 shows the satellite locations and MMS interspacecraft configuration for this event. From Figures 1a and 1b , all six spacecraft (four MMS plus RBSP-A and RBSP-B) were located in the dawn and morning local time sectors. RBSP-A and RBSP-B were straddling either side of their respective lines of apsides, with RBSP-A being inbound from apogee and RBSP-B being outbound during the period of interest. At 01:25 UT, the MMS constellation was moving inbound along its orbit and was located around L = 8.2 at À31°magnetic latitude and 06:53 magnetic local time (MLT). Figure 1c shows the configuration of the MMS constellation around 01:25 UT. The four spacecraft were separated by distances ranging from 30 km (MMS-3 to MMS-4) to 70 km (MMS-2 to MMS-3), and the constellation was in a good tetrahedron-like configuration, making it ideal for multispacecraft analyses. The nearest spatial conjunction between MMS and RBSP-B occurred around 01:20 UT, when the separation between the MMS constellation and RBSP-B got down to within 0.9 R E . However, the closest magnetic conjunction between the two missions did not occur until~02:05 UT due mostly to the difference in latitude between MMS and RBSP-B. Between 00:00 and 02:30 UT, a complex series of energetic particle injections were observed, enveloping the period we are examining here, and lower band chorus waves were also observed during this period. Figure 2 provides a summary of those chorus wave observations from all four MMS spacecraft and the two Van Allen Probes. The clear majority of the chorus waves observed in this event were lower band chorus, falling between 0.1 and 0.5 of the equatorial electron cyclotron frequency from mapping in the Tsyganenko and Sitnov (2005) model, as indicated with the magenta dashed lines in Figure 2 . The strongest chorus activity occurred after around 01:40 UT and was associated with the drifting <60 keV electrons from one of the energetic particle injections associated with a small substorm expansion phase that occurred around this time. Lower band chorus waves at smaller amplitudes were also observed before 01:40 UT by both MMS and Van Allen Probes-B. During this period, we also looked for any evidence of wave-particle interactions between these chorus waves and tens of keV electrons (e.g., Fennell et al., 2014) using high-resolution pitch angle distributions from MMS-FEEPS and RBSP-MagEIS data sets. No signatures of direct wave-particle interactions like those presented by Fennell et al. (2014) were clear in either data set (not shown here), possibly because these observations were made at relatively high magnetic latitudes, away from the chorus source region near the magnetic equator. Due to the limited volume of MMS burst data available, we focus here on a series of chorus elements observed around 01:25 UT, as indicated with the gray box on the MMS plots in Figure 2 . Figure 3 shows that period of chorus elements that we focused on for this study, and in the next section, we discuss the methods we used to analyze these waves.
Methodology
Our goal for this study was to examine the phase coherency, substructure, and propagation properties of several individual chorus elements observed in multipoint burst resolution data from MMS. In particular, we focused in on eight of the chorus elements from the period shown in Figure 3 ; each of those eight elements are shown in higher detail in Figure 4 . For each element in Figure 4 , the magnetic field wave power spectral density is shown from MMS-4 in the top plot, with the corresponding wave amplitudes of the magnetic field components from all four MMS spacecraft shown in the bottom plot. In the next section, we will dissect the details and implications from the data plotted in Figure 3 .
To remove the background field signatures in the wave data, the burst magnetic and electric field data were essentially high-pass filtered by subtracting a 100-point (i.e., 12.2 ms) sliding window average. This step effectively removed the background field variations, as can be seen in the waveform data plotted in Figures 5-7 . Next, the survey FGM data were used to calculate the field-aligned coordinate (FAC) system that we used for this analysis. With the local background magnetic field, B 0 , from the FGM, we defined our right-handed FAC system as follows. Following the community standard (e.g., Li et al., 2013) , the z axis is parallel to B 0 , while the x and y axes define the perpendicular plane. For the FAC system used here, the first perpendicular direction (x axis) was defined as the cross product between the z axis (B 0 ) and the +z axis in the GSE coordinate frame. The second perpendicular direction (y axis) then was defined as the cross product between the z and x axes, completing that orthonormal right-handed basis for the FAC system. During the period of interest here between 01:25 and 01:26 UT, MMS was in the dawn MLT sector, and B 0 was approximately [28, À150, 107] nT in GSE coordinates. That location and geometry ensure that the FAC + x axis (Perp1) was oriented such that it pointed antisunward, nearly parallel to the Àx axis in GSE coordinates, while the FAC + y axis 
Journal of Geophysical Research: Space Physics
10.1002/2017JA024474
was pointed primarily in the Àz direction in GSE coordinates with a relevant component in the Ày GSE direction. For this study, the FAC system was calculated at each observation point of the burst electric and magnetic field data using linearly interpolated survey magnetic field data from the FGM.
For the results in Figure 3 , we employed the wave analysis techniques used by Lee and Angelopoulos (2014) , Li et al. (2013) , , Santolik et al. (2010) , , Samson and Olson (1980) , and Means (1972) . These techniques rely on fast Fourier transforms (FFTs) of the B wave data to generate dynamic spectrograms and calculate wave polarization quantities. Using those data with high degree of polarization, the magnetic divergence equation can be invoked with minimum variance analysis to estimate the direction of the wave normal vector. In Figure 3 and the following analysis, the wave ellipticity, the Poynting vector (S) normal angle (θ S ; the angle between B 0 and S) and azimuthal angle (Φ S ; the angle from the x axis in the FAC perpendicular plane), and the wave normal angle (θ k ) were calculated using the wavefields in FAC and are shown only for polarization ratios >0.98, where the polarization ratio is the ratio of polarized wave power to total power Li et al., 2013) . Such wave analysis results in a 180°ambiguity in the direction of the wave normal vector, but the Poynting vector can also be used to eliminate the ambiguity by assuming that k and S are in the same hemisphere with respect to B 0 (i.e., their normal angles differ by less than 90°). With that assumption and the wave normal angle, θ, from the polarization analysis, we defined θ 0 k = 180°À θ as shown in Figures 3 and 10. From Figure 3 , note that this analysis results in ellipticity that is near +1 for these waves, indicating they are righthanded, nearly circularly polarized waves with energy propagating away from the magnetic equator (θ S > 90°), as is expected for whistler mode chorus waves.
The analysis technique to estimate the direction of k described above uses only single-point observations of the wave electric and magnetic fields and does not provide the magnitude of k. However, with the close four-point observations provided by MMS, we can also calculate k directly using multipoint data analysis. Following Balikhin et al. (2003) and Pinçon and Glassmeier (2008) , four-point observations of electromagnetic wavefields can be used to calculate k using the observed phase difference between different sets of spacecraft. Assuming a sinusoidal wave function,
where Δφ is the wave phase difference observed between two spacecraft, a and b; k is the wave normal vector; R ab is the separation vector between the two spacecraft; and θ kR is the angle between k and R ab . With four noncoplanar spacecraft (MMS-1, MMS-2, MMS-3, and MMS-4) and the phase difference observed between each pair of them, k can then be solved using the following set of linear equations: The phase difference between each pair of spacecraft, Δφ, can be calculated using cross-correlation analysis (i.e., the correlation between the two signals as a function of a relative temporal shift, or lag, between the two . Zoom-in on the eight chorus elements analyzed for this study. Note that the time ranges are slightly different for each element shown here. For each element, the B wave power spectra and amplitudes are plotted. The power spectra are from MMS-4, while the amplitudes are shown from each of the four MMS spacecraft using the colors corresponding to those for each spacecraft in Figure 1c . Note that three elements, 5-7, are shown in Figure 4e . Also, the magenta box plotted over Figure 4d shows the range of time shown in Figure 5 .
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signals), an example of which is shown in Figure 8 . With the three components of both the electric and magnetic fields of the wave, it is possible to calculate six different cross correlations, again allowing for some estimate of the accuracy of the results. For example, in Figure 8a , the cross correlation for the parallel and two perpendicular components of B wave between MMS-2 and MMS-4 is plotted versus lag time for the chorus subelement shown in Figure 7 (i.e., 4 2 , meaning chorus element 4, subelement 2). The peak in the cross correlation,~0.99, occurred at a lag time of approximately +1.0 ms in all three of the B wave components. The analysis from the E wave components for the same subelement is shown in Figure 8b , which reveals consistent results (maximum XCorr of >0.98 at lag of~+1.0 ms). The maximum cross correlation from all six wave components was 0.989, with an average lag time of +1.06 ms. This means that this subelement's phase fronts were first observed at MMS-2, approximately 1.06 ms before the same wave's phase fronts were observed at MMS-4. The period of the wave is also provided by the cross-correlation analysis: it is the periodicity in the cross-correlation curve as a function of lag time, since the wave components go into and out of phase with each other at integer values of the wave period as the data are shifted over a range of different lag times. The correlation drops at higher lag times due to the shift in the wave's frequency over the test period. For this subelement, the observed period was 3.66 ms. The phase difference between the two spacecraft can then be calculated as
where Δt is the lag time corresponding to the peak cross correlation and T is the observed period of the wave. So for clarity in this example, R ab = R 42 = R 4 À R 2 and Δφ = Δφ 42 = 2π*(1.06/3.66). Figures 8c and 8d show the same results but for MMS-3 and MMS-4. This pair of spacecraft revealed a maximum correlation of 0.992 at an average lag time of À0.61 ms, meaning that the wave was first observed at MMS-4 and then 0.61 ms later at MMS-3. The results of this cross-correlation analysis from each pair of spacecraft for each of the eight elements from Figure 4 plus multiple subelements are shown in Table 1 , which will form the core for the discussion points in the following sections.
Analysis and Results
Examining the details of the power spectral densities and derived quantities in Figure 3 revealed results that are strongly consistent with whistler mode chorus waves. The individual wave elements were observed as rising tone emissions at frequencies 0.1 f ce < f < 0.5 f ce , with f ce here and shown in Figures 2 and 3 being the equatorial electron cyclotron frequency, and the waves were clearly electromagnetic in nature. The ellipticity showed that the waves were strongly right handed and near circularly polarized. The Poynting vector revealed that the energy from these waves was propagating predominantly in the antiparallel field-aligned direction, which in this geometry was away from the magnetic equatorial plane. Finally, the wave normal angles were predominantly field aligned in the antiparallel direction. Each of these features is entirely consistent with lower band whistler mode chorus waves (e.g., Li et al., 2013; .
Finer details of the individual chorus elements can be gleaned from the plots in Figure 4 . Each rising tone element had a frequency sweep rate in the range of 0.3 to 0.8 kHz/s, which is below yet similar to the mean and median sweep rates of~1 to 2 kHz/s reported by Macúšová et al. (2010) . Interestingly, most of the chorus elements observed during this period had "hook"-like features (e.g., Burtis and Helliwell, 1976 ) observed immediately following the initial rising tone emission; these "hooks" are manifest as the flat or falling tone frequency portion at the later part of the elements, after the peak frequency. The wave amplitudes in Figure 4 also indicate the complex substructure within each of these chorus elements. In each of the elements, the peak wave amplitude occurred near the peak frequency, but the substructure was somewhat bursty, with a single element being made up of multiple subelements of enhanced wave power. Typically, the amplitude of the hook features decayed over time and was significantly lower than the peak frequencies and the average amplitude of the rising tone. The wave amplitudes plotted in Figure 4 show results from all four MMS spacecraft. There are some differences in the wave amplitudes observed at the different spacecraft, but those differences were almost entirely within 50% of the mean amplitude from all four spacecraft. In general, for each of these chorus elements, very similar substructure was observed at all four spacecraft, indicating that whatever causes that substructure was relatively stable over the separation times (on the order of~1 ms) and distances (tens of kilometers) between the spacecraft. Since all four spacecraft observed amplitudes at similar magnitude, the spatial extent of these chorus element substructures must have been larger than the separation scales between MMS for this event.
Zooming in on the largest-amplitude chorus element from this period, element 4 is shown in greater detail in Figure 5 . The four different subelements that we analyzed within element 4 occurred in the time ranges marked with the magenta boxes in Figure 5 , labeled 4 1 , 4 2 , 4 3 , and 4 4 for subelements 1 through 4, respectively. Figure 5 shows how the wave amplitude increased with increasing frequency in the rising tone portion (subelements 4 1 and 4 2 ), then the wave amplitudes increased and then decreased nonlinearly during the period of nearly flat frequency around the peak time in subelement 4 3 and then decreased more linear in time during the hook feature in subelement 4 4 . Note that the Poynting flux remained predominantly in the antiparallel direction through all four subelements. Figure 6 shows that all four MMS spacecraft observed consistent results for the substructure of this chorus element. Zooming in yet again on subelement 4 2 , Figure 7 shows the waveforms from this subelement observed by all four MMS spacecraft. As discussed in the previous section, these four-point wave observations were clearly phase coherent between all four spacecraft and can be used to calculate the wave normal vector, k; the results of that analysis are in Table 1 . For subelement 4 2 , the cross-correlation analysis resulted in k = ([À1.67, À1.27, À4.25] ± [0.04, 0.11, 0.05]) × 10 À2 rad/km in FAC. Figure 9 summarizes the results of the analysis for subelement 4 2 . In Figure 9 , the MMS constellation is shown in the same format as in Figure 1c (though here rotated and in GSE coordinates), but the maximum cross correlations and lag times are shown for each pair of spacecraft. Unit vectors for the background magnetic field, Poynting, and wave normal vectors (B 0 , S, and k, respectively, in Figure 9 ) are also displayed at the top (again in GSE coordinates) and plotted originating from the origin location at MMS-1. As can be seen there and in Table 1 , nearly 30°separated S from k in subelement 4 2 , and while S was strongly field aligned (θ S = 174°), k (with θ k = 154°) was very far from the whistler mode resonance cone (~75°and 105°in this case), so the waves can be considered as quasiparallel. Note too that the plane wave assumption for subelement 4 2 was valid over the scale of the tetrahedron, given that the various lag times add up between different sets of spacecraft (e.g., lag for wave from MMS-2 to MMS-4 is equivalent within error to lag from MMS-2 to MMS-1 plus lag from MMS-1 to MMS-4). That result was expected based on the low error estimate calculated for this subelement. Also, the wave normal vector result is consistent with the observed propagation of this subelement from MMS-2 to MMS-1 to MMS-4 to MMS-3. Combined with the results from the other subelements of element 4, all of which had very low error in the results for k, the subelements within chorus element 4 trended to be more oblique over time: θ k = 162°for subelement 4 1 and θ k = 148°for subelements 4 3 and 4 4 . That result is also consistent with the low-error results of k from element 3: θ k = 163°for subelement 3 2 and θ k = 154°for subelement 3 3 .
The key results from Table 1 are summarized in Figure 10 . Figure 10a shows the parallel and perpendicular magnitudes and directions for k calculated from each element and subelement with error of |k| < 100% from Table 1. Note that the circle symbol at the end of each k plotted here is sized inversely proportional to the error estimate; that is, a large (small) circle at the end of the vector means the error was small (large). Results of k for full elements are plotted with solid lines and are color coded, while different types of dashed/dotted lines are used for the different subelements as described in the caption. Also plotted in Figure 10a are the unit vectors for the corresponding average Poynting vector (using asterisks at the ends of those vectors) for each element and B 0 , all normalized to a magnitude of 0.05 on this scale. This plot shows that for most of these chorus elements, the Poynting vector was more field aligned than the wave normal vector, with element 2 being the only exception. Elements 1 and 8 were not included here due to their large error estimates on the results for k. Also plotted in Figure 10 are comparisons between the wave normal angles from the crosscorrelation analysis and the polarization analysis (Figure 10b ) and the differences between the azimuthal angle (i.e., in the perpendicular plane) of k and S calculated directly from the cross product of the waveform data (Φ S in Figure 10c ) and from the FFT analysis (Φ SF in Table 1 . Figure 10d ), which were calculated with independent algorithms for this study. Results for the wave normal angle compared well between the two methods, with the differences being less than~15°for all of the elements and subelements with low estimated error. The azimuthal angles between S and k showed similar differences between the two analysis methods (comparing Figure 10c to 10d) , as expected. However, there is an interesting implication to those differences: based on cold plasma theory, k and S can have different wave normal angles but should be coplanar with respect to B 0 for right-handed whistler mode waves, meaning that the difference between Φ k and Φ S should be either 0°or 180°(e.g., Taubenschuss et al., 2016) . From both Figures 10c and 10d , it is clear that for most of the elements examined, the difference in the azimuthal angles was near neither 0°nor 180°, the implications for which will be discussed in the next section.
Discussion
With the availability of multipoint observations from recent missions (e.g., Cluster, THEMIS, Van Allen Probes, and now MMS), the spatial scales of chorus active regions and individual elements remain a topic of active research. Quantifying the distributions of these spatial scales is critically important for developing better models of how whistler mode chorus waves interact with energetic (tens of keV to several MeV) electrons in Earth's inner magnetosphere. MMS can further contribute to such studies by allowing for investigation of chorus elements with four observatories separated at smaller scales than previously possible. In this section, we will discuss some of the details and implications of our results concerning the phase coherency scale of individual chorus elements, the propagation of chorus elements at off-equatorial latitudes, chorus element substructure, and the validity of plane wave and cold plasma assumptions.
First, concerning the phase coherency of individual chorus elements, the results presented in Table 1 show clearly that the eight chorus elements examined in detail here and their substructure were all phase coherent over spatial scales up to at least 38 km parallel to B 0 and 58 km perpendicular to B 0 (~70 km total separation distance). Note that the calculated wavelengths for these elements in the spacecraft frame were >100 km, which is larger than the interspacecraft separation and a condition for the multipoint analysis employed here. For the majority of chorus elements and subelements examined, the cross coherency of the wave electric and magnetic field components was >0.90 (>80% of cases) and often even >0.98 (~10%). To put these scales into context with the electrons that chorus waves interact with, a 10 keV electron mirroring locally at MMS had a gyroradius of~2 km in the local field (B 0 = 186 nT), while an electron at 10 keV mirroring at the magnetic equator on the same L shell (B eq = 41 nT) had a gyroradius of~8 km. Those same numbers for a 100 keV electron were~5 km in the local field and 23 km at the magnetic equator. Thus, these chorus elements were phase coherent over distances up to many times the size of~1 keV to hundreds of keV (and even MeV) electron gyroradii, where the chorus elements were observed by MMS at À31°magnetic latitude. Assuming that the phase coherency scale did not somehow grow after the element was generated, this result was likely also true within the source region near the magnetic equator. With Van Allen Probes observations, Agapitov et al. (2017) found that the scale of individual lower band chorus elements in the direction perpendicular to B 0 was 800 km in the outer radiation belt. Using Cluster data, found that the amplitude coherency scale of lower band chorus elements within 1°of the magnetic equatorial plane and at L~4.4 was~100 km perpendicular to B 0 . Our results from MMS are consistent with both of those previous results, although it will be interesting in the future to test a different period when MMS were separated at greater distances to further test where in the hundreds of kilometer range the coherency is lost.
From our calculations of S and k, the Poynting vector was more field aligned than the wave normal vector for most of the elements and subelements examined. In the plane perpendicular to B 0 , most of the elements Figure 1c , though here in a rotated GSE coordinate form. Overplotted are the B 0 , S, and k unit vectors, shown in cyan, yellow, and magenta, respectively; those unit vector coordinates are also shown at the top of the plot. Also printed on this plot are the maximum cross correlations and corresponding lag times between the various pairs of MMS spacecraft. For example, for MMS-2 (red circle) to MMS-1 (black square), the maximum cross correlation between the six different FAC components of B wave and E wave was 0.99 using a lag time of 0.57 ms. This plot is intended as a way to visualize the results of the cross-correlation analysis shown in Table 1 .
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with low error had wave normal components in the sunward and earthward directions, which is opposite of that expected from the statistics of Li et al. (2013) , showing azimuthal components typically oriented away from Earth. However, ray tracing studies (e.g., Bortnik et al., 2011) have shown that chorus waves with earthward oriented azimuthal angles are more likely to propagate to higher latitudes since they experience less Landau damping as they propagate; that picture is consistent with our results. The evolution of k for subelements of elements 3 and 4 indicated that the subelements were becoming more oblique over time or that subelements at higher frequency were more oblique than those at lower frequency, consistent with Taubenschuss et al. (2014) . This effect was previously observed by Van Allen Probes EMFISIS instruments, which recorded increasing instantaneous wave normal angles and decreasing amplitudes of wave subpackets during the evolution of intense chorus elements . The magnitude and direction of k was similar for most of the elements and subelements with low error, implying that the elements must have had a similar origin location and similar plasma conditions along their path of propagation. Based on ray tracing theory (e.g., Bortnik et al., 2011; Breuillard et al., 2012) , the wave normal angles of chorus waves should become more oblique at higher latitudes due to refraction along the path of propagation.
From the eight elements examined in this event, the substructure of elements 2 through 7 was generally consistent at all four MMS spacecraft. For elements 1 and 8, however, there were larger differences between the Table 1 ). (c) Difference between the azimuthal angles of k (Φ k ) and average of S (Φ S ) from the cross product of B wave and E wave. (d) Difference between the azimuthal angles of k (Φ k ) and average of S from the FFT analysis (Φ SF ).
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wave amplitudes and substructure observed by the four spacecraft. For elements 2 through 7, the fact that the substructures were coherent implies that they were stable on time scales of at least a few milliseconds and over distances of at least tens of kilometers. The substructure of individual chorus elements is important for nonlinear wave-particle interactions between chorus waves and energetic electrons (e.g., Albert, 2002; Artemyev et al., 2015; Bortnik, Thorne, & Inan, 2008; Mourenas et al., 2016; Osmane & Hamza, 2012; Tao et al., 2012) . Any temporal stability of the substructure of these chorus elements ensures that energetic electrons can interact with and/or between chorus subelements over multiple gyroperiods. The scale of chorus active regions and individual elements is also critical to understanding the spatial scales of "microburst" electron precipitation events observed by spacecraft in low-Earth orbit (e.g., Anderson et al., 2017; Crew et al., 2016; Lorentzen et al., 2001; O'Brien, Looper, & Blake, 2004; Osmane et al., 2016) .
The assumption that these chorus elements and subelements had planar phase fronts (i.e., the plane wave approximation) was valid for elements 2 through 7 and the majority of their subelements that were analyzed. This validity of the plane wave approximation was evident from the low error estimates of k for these elements, calculated from the various triplets of spacecraft pairs, as well as the general agreement of the lag times between various pairs of spacecraft. However, elements 1 and 8 revealed very large errors in the estimate of k and lag times that were largely inconsistent between different pairs of spacecraft. Upon closer investigation of the phase coherency of elements 1 and 8, the waveforms were well structured at all four spacecraft, and the waves' various electric and magnetic field components were apparently in phase. One possible reason for the disagreement in k calculated for these elements is that the plane wave assumption was not valid for elements 1 and 8. That result has interesting and important implications for future studies. First, it implies that variations in the plasma conditions between the source region and the spacecraft were significantly evolving on time scales <1 s, such that those variations were sufficient enough to affect the planarity of two of the eight chorus elements during this period. This also implies that the wave phase fronts of individual chorus elements (and subelements) can have significant ripples on spatial scales less than~70 km. Thus, statistical studies using the method employed for this study must be very cautious and track the error estimate on the wave normal vector calculated using four-point measurements, as we have demonstrated here. Alternatively, single-point estimates of the wave planarity (Santolik, Parrot, & Lefeuvre, 2003) can also serve as an additional criterion for testing the validity of the plane wave approximation. However, for the remaining six chorus elements examined here, the chorus elements and most subelements had planar phase fronts over the scale size of the MMS tetrahedron.
Another interesting result from the small set of chorus elements examined here was that the azimuthal angles of k and S were significantly oblique. That result has important implications for the validity of cold plasma theory in treating whistler mode chorus waves; according to cold plasma theory, k, S, and B 0 should all be coplanar. That is clearly not the case for most of the elements and subelements analyzed for this study (e.g., Figure 10 ). Note that this result is not consistent with those of Taubenschuss et al. (2016) , although we must stress here that these results are from less than 1 min of observations only. This analysis method must be further tested for a statistically significant set of chorus waves to make any reasonable comparison to the statistical results of Taubenschuss et al. (2016) .
We finish this section with some caveats to consider for the results from this study and some possibilities for future studies. First, as was just mentioned for the implications for cold plasma theory, this study analyzed only eight chorus elements over a total period of less than 1 min. So obviously, no statistical or general conclusions can be derived from these results. This study was intended to outline the analysis method and present preliminary results from a case study. Next, the chorus elements from this study did not qualify as large-amplitude whistler mode emissions (e.g., Cattell et al., 2008; Cully, Bonnell, & Ergun, 2008; Wilson et al., 2011) . The maximum amplitudes for this small set of chorus elements ranged from~0.001 to 0.02 nT 2 for B wave, as shown in Figure 4 , and~1 to 20 (mV/m) 2 for E wave. The results for large-amplitude chorus elements will be an interesting result to compare with these in future studies. The hook-like features on the latter half of many of the elements observed in this period (and throughout a longer period on this day) are of interest; we leave further analysis of those features for future study, particularly for times when MMS plasma distributions and moments were available. MMS was at relatively high latitude for this event (~À31°MLAT), far from the expected chorus source region near the magnetic equator, and it will be interesting to compare these results to those from chorus waves observed near or within the chorus source region
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close to the magnetic equator. Finally, due to the primary science objectives and operation schedule of the MMS constellation, there was unfortunately no plasma distribution or moment data available during the period examined here. Thus, we were unable to account for the background plasma motion and calculate the dispersion relation for these whistler mode chorus waves for this event. Other periods of chorus waves have been observed in burst mode with MMS, and those should be analyzed like the chorus elements in this study to further develop our understanding of the nature of these interesting and important plasma waves.
Summary and Conclusions
Using burst data from the four spacecraft of NASA's MMS mission, a small set of whistler mode chorus elements have been analyzed in detail. The chorus activity studied here occurred during a near conjunction between Van Allen Probes-B and the MMS constellation in a period of weak substorm activity characterized by a series of energetic electron injections. Chorus waves were observed by all six spacecraft during this period ( Figure 2 ). Between the four MMS and two Van Allen Probes spacecraft, chorus waves were observed simultaneously over an active region spanning from at least 5.5 < L < 8.5 and 06:00 < MLT < 09:00. Using high angular resolution energetic particle data from the MagEIS instruments on Van Allen Probes and the FEEPS instruments on MMS, no direct evidence of wave-particle interactions such as that observed by Fennell et al. (2014) was observed, probably due to the spacecraft all being at relatively high magnetic latitudes. However, detailed analysis of the burst waveform data has yielded some interesting results concerning the chorus waves that were observed during this period.
Eight rising tone lower band chorus elements were examined (Figures 3 and 4) , the majority of which exhibited interesting flat or falling tone hook-like features (e.g., Burtis and Helliwell, 1976) after their peak amplitudes and frequencies were observed. From the waveform data and four-point nature of the MMS observations, each chorus element was observed by all four MMS spacecraft, and furthermore, those elements were all phase coherent between the different spacecraft. The chorus elements also displayed well-defined substructure that was generally consistent at all four MMS spacecraft, with differences in B wave amplitudes observed typically within~50% of the mean. Using multispacecraft cross-correlation analysis (e.g., Balikhin et al., 2003; Pinçon & Glassmeier, 2008) , the wave normal vectors, k, were calculated directly from the MMS observations for each of the eight chorus elements plus multiple subelements. The average Poynting vectors, S, were generally more field aligned than k, but k could still be considered as quasi-parallel, being inclined by only 20-30°f rom the magnetic field line. k was very far from the whistler mode resonance cone (~75°and 105°) in all cases. However, the evolution of k was observed in the substructure of two elements to become more oblique either over time or in subsequent subelements. Based on the error estimates, this analysis revealed that six of the eight elements examined (plus most of their subelements) had planar phase fronts on spatial scales of at least 70 km, or~38 km parallel to B 0 and~58 km perpendicular to B 0 (the maximum spacecraft separation scales); the other two elements had very large error, possibly due to rippled phase fronts at spatial scales of tens of kilometers or less. Most of the six elements (and their subelements) with low error had significantly oblique azimuthal angles (in the plane perpendicular to the background field) between k and S (Figure 10 ), which implies that cold plasma theory was not valid for these elements. These results should be considered for results from statistical studies that assume the validity of the plane wave approximation and/or cold plasma theory.
This study represents the first detailed analysis of whistler mode chorus waves in Earth's magnetosphere using burst-mode MMS data, which allowed for a direct calculation of k and an estimate of the error in the calculated results. Details of the wave normal vector like those presented here, including the wavelength and wave normal and azimuthal angles, are critical to modeling how chorus waves are generated, propagate through the background plasma, and interact with energetic electrons. These results are from a case study with a small set of chorus elements and are not statistically significant. However, this study does showcase the potential of the four-point MMS data for studying chorus waves. Plasma moment data from MMS were not available for this case, but future studies should include it when available to allow for the direct calculation of the whistler mode dispersion relation. Future studies with MMS should also use the analysis techniques discussed here to investigate large-amplitude chorus waves and chorus within the source region near the magnetic equator. This study should also be repeated for different separation distances for the MMS tetrahedron. Finally, while no individual elements were observed by both RBSP-B and the MMS 
